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1 The electron nematicity has been recently observed in the iron-pnictide [2] [3] [4] [5] [6] and cuprate [7] [8] [9] hightemperature superconductors. Whether such a tendency of electrons to self-organise unidirectionally has a common feature in these superconductors is, however, a highly controversial issue. In the cuprates, the nematicity has been suggested as a possible source of the pseudogap phase, [7] [8] [9] whilst in the iron-pnictides, it has been commonly associated with the tetragonalto-orthorhombic structural phase transition at T s . Here, we provide the first thermodynamic evidence in BaFe 2 (As 1−x P x ) 2 that the nematicity develops well above the structural transition and persists to the nonmagnetic superconducting regime, resulting in a new phase diagram strikingly similar to the pseudogap phase diagram in the cuprates.
9,10 Our highly sensitive magnetic anisotropy measurements using microcantilever torque-magnetometry under in-plane field rotation reveal pronounced two-fold oscillations, which break the tetragonal symmetry. Combined with complementary high-resolution synchrotron X-ray and resistivity measurements, our results consistently identify two distinct temperaturesone at T * , signifying a true nematic transition, and the other at T s (< T * ), which we show to be not a true phase transition, but rather what we refer to as a "meta-nematic transition", in analogy to the well-known metamagnetic transition in the theory of magnetism. Our observation of the extended nematic phase above the superconducting dome establishes that the nematicity has primarily an electronic origin, inherent in the normal state of high-temperature superconductors.
In the iron pnictides, the antiferromagnetic transition is closely intertwined with the structural phase transition from tetragonal (T) to orthorhombic (O) crystal symmetry. Although recent experiments, including neutron scattering, 2 ARPES, 3,11 STM, 4 and transport measurements, 5, 6 have provided evidence for electronic anisotropy, these measurements were carried out either in the low-temperature orthorhombic phase, 2, 4, 11 where the crystal lattice structure has already broken C 4 symmetry, or in the tetragonal phase under uniaxial strain 3, 5, 6 that also breaks this symmetry. Therefore, the question remains open whether the electronic anisotropy can exist above the structural transition without an external driving force, including under the superconducting (SC) dome. In the past, the nematic transition in the pnictides has been associated either with the orbital ordering, [12] [13] [14] [15] [16] [17] [18] or with the spontaneous breaking of the Z 2 Ising symmetry between two collinear magnetic ordering wave-vectors Q = (π, 0) and (0, π). [19] [20] [21] [22] Therefore determining the nature of the nematicity is a key to understanding the microscopic origin of the lattice and magnetic transitions, as well as its possible connection with the high-temperature (high-T c ) superconductivity.
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BaFe 2 As 2 -based materials are a prototypical family of iron-pnictides that play host to the superconductivity upon ion substitution. Among them, the phase diagram of the isovalent pnictogen substituted system BaFe 2 (As 1−x P x ) 2 (ref. 23 ) is shown in Fig. 1 . The transition to the antiferromagnetic ground state at T N always coincides or is preceded by the T-O structural transition at T s . With increasing x, T N decreases and goes to zero continuously at x = 0.30, indicating the presence of a quantum critical point (QCP). 24, 27 The superconducting dome extends over a doping range 0.2 < x < 0.7, with maximum T c = 31 K at the QCP. 23 This system is very clean and homogeneous, 23, 25, 26 as demonstrated by the quantum oscillations observed over a wide x range even in the superconducting dome. 25 This is important for the present work because impurities and sample inhomogeneities may otherwise wipe out the signatures of the phase transition. Thus BaFe 2 (As 1−x P x ) 2 appears to be the most suitable system for studying the doping evolution of the intrinsic electronic and magnetic properties in the iron-pnictides.
The magnetic torque τ = µ 0 V M × H is a thermodynamic quantity, a differential of the free energy with respect to angular displacement. Here V is the sample volume, M is the magnetization induced in the magnetic field H, and µ 0 is the permeability of vacuum. Torque measurement detects the magnetic anisotropy with an extremely high sensitivity. 28 In particular, it provides a stringent test of nematicity. When H is rotated within the tetragonal ab plane (Fig. 2a, b) , τ is a periodic function of double the azimuthal angle φ measured from the tetragonal a axis (Fe-As/P direction, inset of Fig. 1 ):
where the susceptibility tensor χ ij is given by M i = j χ ij H j . In a system holding tetragonal symmetry, τ 2φ should be zero because χ aa = χ bb and χ ab = 0. Finite values of τ 2φ appear if a new electronic or magnetic state emerges that breaks the C 4 tetragonal symmetry. In such a case, rotational symmetry breaking is revealed by χ aa = χ bb and/or χ ab = 0 depending on the orthorhombicity direction. To avoid the formation of domains with different orientations in the ab-plane ('twinning'), we used very small single crystals (see Supplementary Information).
The upper panels of Fig. 2c depict the temperature evolution of the torque τ (φ) at µ 0 H = 4 T for optimally doped BaFe 2 (As 0.67 P 0.33 ) 2 (T c = 30 K). All torque curves are perfectly reversible with respect to the field rotation. τ (φ) can be decomposed as τ (φ) = τ 2φ + τ 4φ + τ 6φ + · · · , where τ 2nφ = A 2nφ sin 2n(φ − φ 0 ) has 2n-fold symmetry with integer n. The middle and lower panels display the two-and four-fold components obtained from the Fourier analysis. The distinct twofold oscillations appear at low temperatures, while they are absent at high temperatures. The fourfold oscillations τ 4φ (and higherorder terms) are observed at all temperatures (Fig. 2c , lower panels), but their amplitudes have negligible temperature dependence, indicating that they arise primarily from the nonlinear susceptibilities.
As shown in Fig. 3a , the amplitude of the twofold oscillation |A 2φ | is nearly zero at high temperatures and grows rapidly below T * ≃ 85 K in the optimally doped x = 0.33 crystals, followed by the saturation at lower temperatures. The anomaly at T * can also be seen by the synchrotron X-ray diffraction and in-plane resistivity measurements. Figure 3b depicts the temperature dependencies of the full width at half maximum (FWHM) and intensity of the Bragg peak below 200 K. Both the FWHM and the peak intensity change their slope in the vicinity of T * . Moreover, the temperature derivative of the resistivity dρ/dT exhibits a peak at ∼ T * (Fig. 3c ). Here we stress that sharp synchrotron X-ray diffraction peaks, NMR spectra which show no indication of magnetic ordering 24 and purely paramagnetic response above T c (Fig. S1 ), all indicate that the sample inhomogeneity is highly unlikely to be an origin of the anomaly at T * . The above results clearly indicate that the tetragonal C 4 symmetry, which is preserved at high temperatures, is broken below T * , demonstrating the formation of the electronic nematic phase at T * . The twofold oscillation below T * follows the functional form, τ 2φ = A 2φ cos 2φ, meaning that χ aa = χ bb and χ ab = 0, which indicates the nematicity along the tetragonal [110]-direction, i.e. Fe-Fe bond direction (Fig. 1, inset) . The X-ray FWHM at T < T * (Fig. 3b , red circles) grows slightly larger than the linear extrapolation from above T * (dashed line), and is accompanied by the suppression of the X-ray peak intensity (green circles). This indicates a broadening of the Bragg peak below T * , implying that the nematicity to some extent couples to the orthorhombic lattice distortion as discussed later.
Figures 3d-f show the temperature dependence of |A 2φ |, X-ray peaks and resistivity, respectively, of the underdoped material (x = 0.27). It undergoes the T-O transition at T s ∼ 60 K, and the magnetic transition well below T c . |A 2φ | is finite even at 200 K, and initially increases with decreasing temperature, exhibiting a cusp-like peak at T * ≃ 105 K, which we attribute to the nematic transition temperature for the following reasons. Analysis of more than five samples showed that the anomaly at 105 K (and also at T s ) is well reproduced, while the torque curves above 105 K show some degree of variation depending on the sample (Fig. S2) . In fact, when the temperature dependent part above 105 K is subtracted, |A 2φ | (Fig. 3d , open circles) exhibits very similar temperature dependence to that in x = 0.33 compound (Fig. 3a) . In addition, it is apparent that the FWHM and intensity of X-ray peak (Fig. 3e ) change their slope at T ≃ 105 K, quite similarly to those of the optimally doped compound at T * (Fig. 3b) . Moreover, the hump structure can be seen in the dρ/dT at around the same temperature (Fig. 3f ). At T s ∼ 60 K, |A 2φ | reaches a minimum and increases again at lower temperatures, indicating that |A 2φ | is sensitive to the T-O structural transition. At temperatures above T * , the origin of the non-zero twofold signal is not clear. It may be due to the presence of local impurities or dislocations. In fact, local orbital ordering with C 2 symmetry around the impurity sites has been proposed.
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Figures 3g-i show the results for the parent compound x = 0, in which the structural transition and magnetic order occurs at the same temperature T s = T N . Similar to underdoped compound, |A 2φ | is finite in the high temperature regime. As the temperature is lowered, |A 2φ | increases gradually and then decreases with a cusp-like peak at ∼ 170 K. At the same temperature, the synchrotron X-ray diffraction exhibits anomalies of the FWHM and peak intensity (Fig. 3h) . Thus, by the same reasoning as for the underdoped compound, the cusp-like behaviour of |A 2φ |(T ) is attributed to the nematic transition; T * ≃ 170 K. Behaviour of |A 2φ |(T ) at T s is also similar to underdoped compound but is more pronounced; |A 2φ | is strikingly enhanced below T s , which is attributed to the larger distortion associated with the T-O transition. The resistivity shows a rather flat depenendece and no apparent anomaly is observed at T * . Both |A 2φ | and dρ/dT exibit anomalies at around 50 K, which may indicate the presence of the magnetic or charge ordering deep inside the antiferromagnetic phase.
We emphasize that in contrast to previous experiments, the present measurements were performed without applying external pressure or uniaxial stress. Thus our results provide thermodynamic evidence for the spontaneous formation of the electronic nematic phase below T * , well above the previously reported T-O structural transition temperature T s in this system. Moreover, the doping dependence of the nematic transition T * (x) displayed in Fig. 1 indicates that nematicity develops independently of T s (x) and persists over a wide range of doping covering the non-magnetic superconducting regime.
Clearly, there cannot be two nematic phase transitions at both T s and T * , because the C 4 rotational symmetry can only be broken once. The temperature T * (> T s ) marks the onset of the true phase transition, accompanied by the nematic two-fold torque component A 2φ = 0. Then what happens to the structural transition at T s ? This question can be answered straightforwardly if one considers the Landau free energy expansion in terms of two parameters, the lattice distortion δ and the nematic parameter ψ ∝ A 2φ , which can be written as follows:
with the terms in the first square bracket describing the first-order structural phase transition and the second bracket responsible for the (second-order) nematic phase transition. The temperature-dependent coefficients
p were chosen such that in the absence of the coupling between the two order parameters, the structural transition occurs at lower temperature T (Figs. 4a,b) . On the other hand T s ceases to be a true phase transition, since the C 4 symmetry is broken on either side of T s , and lattice distortion δ is non-zero over the entire temperature range (Fig. 4a) . Instead, both δ and ψ undergo a finite jump at (Fig. S3) . The thin purple lines in c, f, i are the temperature derivative of resistivity dρ/dT (T ).
T s , as illustrated in Fig. 4 . We call this a meta-nematic transition, in analogy to the meta-magnetic transition in the theory of magnetism, where the magnetization undergoes a jump as a function of temperature or applied magnetic field, but remains non-zero on both sides of the transition. The analysis of the free energy shows that it exhibits a maximum at ψ = 0 and a single minimum at finite ψ, as in the 2 nd -order Landau phase transition (Fig. S4) . Note that because of the coupling between the order parameters, both T s and T * are renormalized compared to their initial values T To quantify the lattice distortion δ experimentally, we have analysed the X-ray data by using two-peak fitting (Fig. S3) , which reveals that the data in the region T s < T < T * can be fitted with very small but finite δ. The obtained results of δ(T ) can be reasonably reproduced within the framework of Eq. (2), and the same set of Landau parameters also fits well the temperature dependence of ψ ∝ A 2φ (Fig. 4) . We have thus established that the true thermodynamic transition occurs at T = T * , and is accompanied by the development of the non-zero values of both the nematic order parameter ψ and the lattice distortion δ. We note that similarly small but non-zero values of δ have been recently reported in powder diffraction measurements of SmFeA(O 1−x F x ).
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Note that this explanation is very generic and does not depend on the precise microscopic nature of the nematic transition, be it caused by Z 2 spin-nematic ordering, [19] [20] [21] [22] or by orbital ordering. [12] [13] [14] [15] [16] [17] [18] In the spin-nematic approach, the nematic instability is driven by thermal spin fluctuations above the SDW ordered phase, 22 which would apply to the x 0.30 regime in BaFe 2 (As 1−x P x ) 2 . Such fluctuations have been detected by NMR. 24 However, the fact that the nematic transition at T * occurs even for superconducting samples well above optimal doping, and far away from the SDW phase, provides a strong indication that the nematic transition is unlikely to be associated with thermal fluctuations above long-range magnetic order. On the other hand, in the case of orbital ordering, the nematic transition naturally occurs as a result of polarisation between the Fe d xz and d yz orbitals, ψ ∝ (n xz − n yz ), as supported by the recent ARPES 3 and quadrupolar resonance measurements.
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A large anisotropy in resistivity (ρ a − ρ b )/(ρ a + ρ b ) has been recently observed under the uniaxial stress in Ba(Fe 1−x Co x ) 2 As 2 at temperatures higher than T s and even above the superconducting dome. In the light of the present results, this anisotropy can be explained as associated with the nematic transition at T * , rather than with a proximity to the structural phase transition. The application of a uniaxial stress will enhance the nematic- ity and is likely to shift T * to a higher temperature.
There is growing body of evidence that entanglement of the spin and orbital degrees of freedom leads to emergent novel electronic phases in the iron pnictides. The present temperature-doping phase diagram bears striking resemblance to that of high-T c cuprates, in that the suppression of the antiferromagnetic ground state leads to the emergence of high-T c superconductivity and electron nematic instability occurs well above the magnetic and superconducting transitions. Recent infrared studies of charge dynamics report the formation of a pseudogap in the excitation spectrum of optimally doped BaFe 2 (As 1−x P x ) 2 below ∼ 100 K (Moon, S. J. et al., unpublished results). It is therefore likely that the nematic transition is related to the pseudogap formation, similar to the underdoped cuprates. These electronic properties may capture a universal feature essential for the occurrence of high-T c superconductivity.
Supplementary Information

I. METHODS
High-quality single crystals are grown by the self-flux method. 23 To measure the magnetic anisotropy accurately, the microcantilever torque magnetometry is used (Fig. 2b) . To avoid the torque oscillation arising from the misalignment, the magnetic field H is precisely applied in the ab plane within an error less than 0.1
• by controlling two superconducting magnets and the rotating stage.
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In a nematic state, the domain formation with different preferred directions in the ab plane may occur as a consequence of the degeneracy in tetragonal crystal structure ("twinning"). If the domain size is much smaller than the crystal size, the amplitude of τ 2φ would be significantly diminished due to the cancellation of the two-fold oscillations with opposite sign arising from different domains. To avoid such an effect, we used very small single crystals with typical size ∼ 70 × 70 × 30 µm 3 . In order to examine the detailed structural change of the underlying crystal lattice, high-resolution structure analysis by using the synchrotron X-ray crystallography techniques were performed on the same crystals used in the torque measurements and the high angle diffraction spots at tetragonal [10,0,0] T or orthorhombic [14,0,0] O were analysed. The sample temperature was controlled by an open flow cryocooler, whose temperature reading may have a difference from the actual sample temperature by up to ∼ 2 K, but this is sufficiently small for the purpose of discussion of the phase diagram in Fig. 1 .
II. OUT-OF-PLANE MAGNETIC RESPONSE
All of the single crystals used in the present study exhibit purely paramagnetic response above T N and T c , which was carefully checked by measuring the angular variation of the torque in H rotating within the ac plane. This excludes the possibility of extraneous magnetic impurities in the samples. Figure S1a depicts the torque measured in field H rotated within the ac plane for underdoped (x = 0.27) single crystal at µ 0 H=4 T. The curves in this geometry are perfectly sinusoidal, well fitted with τ (T, H, θ) = A 2θ (T, H) sin 2θ, where A 2θ is the amplitude and θ is the polar angle. The hysteresis component is less than 0.01% of the total torque, indicating no detectable ferromagnetic impurities. In this geometry, the difference ∆χ ca between the c axis and in-plane susceptibility yields a two-fold oscillation from τ 2θ (θ, T, H) with respect to θ rotation
The H-linear dependence of A 2θ (H, T )/µ 0 H has null y intesect (Fig. S1b) , which indicates a field-independent magnetic susceptibility, that is a purely paramagnetic response. This also reinforces the absence of ferromagnetic impurities. As the temperature is lowered, ∆χ ca = χ cc − χ aa increases gradually and then decreases with a peak at the T-O structural transition T s . Figure S2 depicts the sample dependence of A 2φ for underdoped (x = 0.27) compound. In both crystals, anomaly at T * is clearly seen. Solid symbols indicate the data, in which the temperature dependent A 2φ at T > T * is subtracted by assuming linear-T dependence. After subtracting the high-temperature A 2φ , which may be due to the local impurities or dislocations, A 2φ (T ) shows nearly identical temperature dependence. Such a dependence is consistent with the raw data of x = 0.33, in which the high-temperature term is absent.
III. IN-PLANE MAGNETIC RESPONSE AND SAMPLE DEPENDENCE
IV. SYNCHROTRON X-RAY DIFFRACTION AND CRYSTAL STRUCTURE ANALYSIS
Synchrotron X-ray diffraction were perfomed on BL02B1 at SPring-8 on the same crystals used in the torque measurements. The photon energy of the incident X-ray was tuned at 17.7 keV. A large cylindrical imaging plate and Rapid-auto program (Rigaku Corp.) was used to obtain diffraction data. S1 The sample temperature was controlled by an open flow cryocooler, whose temperature reading may have a difference from the actual sample temperature by up to ∼ 2 K, but this is sufficiently small for the purpose of discussion of the phase diagram in Fig. 1 in the main text. Figure S3a depicts the temperature dependence of diffraction angle 2θ at orthorhombic (14,0,0) O for parent (x = 0) and underdoped (x = 0.27) crystals. The Bragg peak is analyzed by the two Gaussian curves (Fig. S3c) . Below T * , the data can be fitted with two peaks, from which the orthorhobic distortion δ = a−b a+b is estimated (Fig. S3b) .
The increase of the FWHM with decreasing T below 200 K down to T * (Fig. 3b , e, h) is unusual because this temperature dependence is opposite to what is expected from the thermal vibration of atoms. This may indicate the presence of rather strong nematic fluctuations well above T * . We also note that the FWHM is supressed when the SC transition sets in. This implies the coupling between the nematic order and superconductivity. The peak of dρ/dT at T * (Fig. 3c, f) suggests that the formation of the nematicity affects the electronic transport properties, possibly due to scattering off the nematic domain boundaries. 
V. LANDAU FREE ENERGY ANALYSIS
The Landau free energy is expressed in Eq. (2) in the main text in terms of the nematic order parameter ψ and the structural orthorhombic distortion δ = (a− b)/(a+ b) as follows: order parameters relative to the typical jump in δ at T s , ∆δ. To illustrate the point, we plot in Fig. S5 the saddlepoint solutions of the Landau free energy using a different set of expansion parameters. As can be seen in Fig. S5 , the meta-nematic transition becomes much smoother and less pronounced than in Fig. 4 in the main text, matching qualitatively the experimental data in the x = 0.27 underdoped sample, see Fig. 4 in the main text. The above arguments are very general and do not depend on the microscopic origin of the electronic nematic order parameter ψ. It has been argued [12] [13] [14] [15] [16] [17] [18] that the nematicity may be driven by orbital physics, due to spontaneous imbalance between the population of the Fe d xz and d yz orbitals, in which case ψ ∝ (n xz − n yz ). This point of view is supported by recent angle-resolved photoemission 3 and nuclear quadrupolar resonance (NQR) measurements 31 and corroborated by ab initio calculations. 18 Alternatively, the electron nematicity may be associated with the Z 2 -Ising spin ordering 19, 20 ,S2 (sometimes referred to as "spin-nematic"), in which case the order parameter can be written as ψ ∝ (m A · m B ) in terms of the sublattice magnetizations m j on the square lattice of Fe ions. In both cases, the order parameter ψ is expected to couple linearly to the orthorhombic lattice distortion δ.
While our free energy analysis holds independently of the origin of nematicity, the fact that the two-fold oscillations of the torque magnetization are observable in the strongly overdoped region (x = 0.5), far away from antiferromagnetic region in the phase diagram (see Fig. 1 in the main text) suggests that this nematic signal is unlikely of magnetic origin and that orbital physics likely plays an important role. 
